P
ulmonary fibrosis is the pathological hallmark of a heterogeneous group of disorders in which excessive collagen accumulation results from a variety of insults to the lung. The clinical prognosis for patients with this condition remains poor, 1 and limited information on the pathogenetic mechanisms of pulmonary fibrosis has hampered development of new therapeutic interventions. One theory for the development of pulmonary fibrosis centres on the hypothesis that, in response to injury, the damaging effects of oxidants on the alveolar architecture eventually lead to fibroblast activation and collagen production. 2 This hypothesis is supported by evidence that patients with pulmonary fibrosis have an imbalance between oxidant and antioxidant defence mechanisms in the lung microenvironment. 3 4 Heme oxygenase (HO) is the rate limiting enzyme that catalyses the initial step of heme degradation, producing biliverdin and releasing free iron and carbon monoxide (CO). Three isozymes of HO have been identified to date. Whereas HO-2 and HO-3 are constitutively expressed, HO-1 is upregulated during oxidative stress and has been proposed to have a role in the regulation of inflammatory processes 5 6 by acting as a cytoprotective molecule. 7 Increased expression of HO-1 has been associated with a number of pulmonary disorders including asthma, 8 chronic obstructive pulmonary disease, 9 and lung injury secondary to hypoxia, 10 hyperoxia, 11 or bleomycin. 12 It is also known that HO-1 activity, if unchecked, can exert damaging effects as a result of the excessive production of its products-namely, bilirubin, CO, and iron 13 -and the apparent protective role of high levels of HO, particularly in hyperoxia related oxidative stress, has recently been questioned. [14] [15] [16] Likewise, the significance of increased HO expression and function in pulmonary fibrosis remains uncertain.
Parenteral administration of bleomycin, a chemotherapeutic agent, consistently induces an inflammatory alveolitis and alveolar repair that leads to fibrotic extracellular matrix remodelling. 17 This model has been widely used to study the pathogenetic mechanisms of pulmonary fibrosis in a number of animal species. The principal aim of this study was to evaluate the importance of HO in the pathogenesis of bleomycin induced lung injury and fibrosis by inhibiting its activity in vivo with the metalloporphyrin Zn-deuteroporphyrin IX-2,4-bisethylene glycol (Zndtp).
METHODS

Animals
Experiments were performed using male C57/BL6 mice aged 6-8 weeks. All procedures were approved by the UK Home Office and carried out in accordance with the Animals (Scientific Procedures) Act 1986. Mice were housed under conventional conditions for a week before treatment.
Experimental protocol
Bleomycin sulphate (BLM, Bleo-Kyowa; Kyowa Hakko Ltd, Slough, UK) was administered as a single intratracheal dose of 0.025 U/50 ml saline/animal following halothane induced anaesthesia. Control animals received saline alone. Zndtp (10 mmol/kg) was prepared fresh in phosphate buffered saline (PBS, pH 7.4) and administered subcutaneously (50 ml twice daily) beginning 7 days after bleomycin instillation. Animals were divided into four experimental groups:
(1) saline+vehicle, (2) BLM+vehicle, (3) saline+Zndtp, and (4) BLM+Zndtp.
In order to study the effects of Zndtp on alveolar injury and repair preceding fibrotic development, animals were killed 10 days after bleomycin instillation (that is, after 3 days of Zndtp exposure). To evaluate the morphological and biochemical indices of bleomycin induced pulmonary fibrosis, animals were killed 21 days after its instillation (14 days after initiation of Zndtp administration).
Groups of 4-11 animals were killed for biochemical and histological analyses on days 10 and 21 by a lethal injection of intraperitoneal pentobarbital followed by aortic exsanguination.
Collagen measurement
Total lung collagen was determined by measuring the hydroxyproline content using reverse phase high performance liquid chromatography (HPLC) as previously described. 18 Briefly, powdered lung tissues were weighed and hydrolysed in 6 N hydrochloric acid at 110˚C for 16 hours. Hydrolysates were mixed with activated charcoal, filtered through a 0.65 mm mesh filter (Millipore, Watford, UK), and an aliquot was removed and dried under vacuum. Hydroxyproline was isolated chromatographically after pre-column derivatisation with 7-chloro-4-nitrobenz-oxo-1,3-diazole (Sigma, Poole, UK). The lung collagen content was calculated based on its hydroxyproline constitution (12.2% by weight) and the results were expressed as mg collagen per lung. 18 
Histopathology
Lungs were fixed by intratracheal instillation of 4% paraformaldehyde in PBS at a constant pressure of 25 cm H 2 O. The trachea was ligated and the lungs were excised en bloc and immersed in the same fixative. Following overnight sucrose immersion the lungs were dehydrated through a serial alcohol gradient and embedded in paraffin wax. Sections (5 mm) were mounted on glass slides, dewaxed in xylene, and rehydrated before staining with either haematoxylin-eosin or Masson's trichrome. Changes in the amount of extracellular matrix were assessed semi-quantitatively using an Olympus BX40 microscope and Zeiss KS300 Imaging Systems Software (Carl Zeiss Vision GmbH, Germany). Briefly, 20 random fields (6200 magnification) were examined per section and five sections were assessed from each lung. Care was taken to match background light and colour intensity and to exclude excessively hypercellular areas. Collagenous matrix was identified by its distinct characteristics on Masson's staining.
Bronchoalveolar lavage
Bronchoalveolar lavage (BAL) was performed 10 days after bleomycin instillation. The trachea was cannulated and the distal lungs lavaged with six sequential aliquots of 400 ml ice cold sterile saline. A small (20 ml) aliquot of each sample was removed for leucocyte counts and the remaining BAL fluid was centrifuged for 10 minutes at 1500 rpm (4˚C). The total leucocyte count was used as one of several indices of bronchoalveolar inflammation during the acute phase of bleomycin induced damage. Cell free supernatants were kept at 270˚C until used.
Biochemical assays BAL fluid was analysed for lactate dehydrogenase (LDH) content (CytoTox96 Non-Radioactive Cytotoxicity Assay; Promega, Madison, WI, USA), active transforming growth factor b (TGF-b) levels, 19 malondialdehyde (MDA, Lipid Peroxidation Colorimetric Assay; Oxford Biomedical Research, MI, USA), and bilirubin levels (Total Bilirubin Kit 552-A; Sigma Diagnostic, Poole, Dorset, UK). Measurement of total glutathione in lung tissue homogenates was performed as previously described. 20 
Statistical analysis
Instat software (GraphPad Software, San Diego, CA, USA) was used to analyse the data. A two tailed Mann-WhitneyWilcoxon test was used for non-parametric comparisons while analysis of variance (ANOVA) with post hoc analysis using the Tukey-Kramer test was used for parametric data. The results are presented as mean (SE) values. A p value of ,0.05 was considered statistically significant. For primary findings, 95% confidence intervals (95% CI) are also included. Confidence intervals for the mean differences between groups are shown for the primary findings.
RESULTS
Bleomycin instillation resulted in a greater loss in overall body weight than saline treatment, an effect that was not modulated by exposure to Zndtp. However, final mean body weights were not statistically different between bleomycin and saline instillation at the end of either the 10 or 21 day experiments. Bleomycin treatment was also associated with a higher mortality and non-significant increases in lung weight compared with saline treated controls. Zndtp exposure did not alter these parameters appreciably.
Assessment of fibrosis
Lung collagen content
Lung hydroxyproline content was determined as a biochemical index of parenchymal collagen accumulation. Figure 1 shows that intratracheal instillation of bleomycin induced a twofold increase in total lung collagen compared with saline treatment at 21 days (2.10 (0.26) v 1.12 (0.12) mg/lung, p,0.001; 95% CI 1.65 to 20.34). Administration of Zndtp to bleomycin treated mice attenuated this increase by approximately 65% (1.45 (0.20) v 2.10 (0.26) mg/lung, p,0.05; 95% CI 1.11 to 0.25), although levels remained higher than those in saline treated control mice. Zndtp had no effect on basal collagen levels in saline treated animals.
Histopathology
The extent of pulmonary fibrosis was also assessed histologically. 21 days after saline instillation, lungs of mice receiving either subcutaneous vehicle or Zndtp had a normal architecture (figs 2A and 2C). In contrast, lungs from animals 
Total bilirubin
Analysis of bilirubin, a secondary product of HO mediated heme degradation, provides an indirect index for assessing HO enzyme activity. Total bilirubin in BAL fluid was measured to confirm the inhibitory effect of Zndtp on HO activity in our model. Figure 4 shows that, in the absence of Zndtp, bleomycin instillation increased the total BAL fluid bilirubin content by twofold compared with saline treated control animals (158.4 (17.9) v 66.0 (9.1) mg/ml BAL fluid, p,0.001). Animals in the BLM+Zndtp group had significantly lower bilirubin levels than those in the BLM+veh group ((100.7 (5.6) v 158.4 (17.9) mg/ml BAL fluid, p,0.05), although these levels remained higher than those in either of the saline treated groups.
Lactate dehydrogenase (LDH)
Bleomycin instillation induced a significant increase in the levels of LDH recovered in BAL fluid (p,0.01, fig 5A) .
Administration of
relative absorbance units, p,0.01) to levels comparable with saline treated controls. Zndtp also appeared to have a small effect on LDH levels in saline treated animals.
Malondialdehyde (MDA)
Malondialdehyde (MDA), a byproduct of the oxidation of polyunsaturated fatty acids, was measured as an index of oxidative stress induced lipid peroxidation. Figure 5B shows that levels of MDA were almost three times higher following bleomycin treatment than following saline instillation (288 (34) 
DISCUSSION
This study was undertaken to examine the potential role of HO in oxidative lung injury resulting from the administration of bleomycin. Using techniques of global gene analysis, Kaminski et al have previously shown that HO expression is strongly induced 14 days after the initiation of bleomycin induced lung injury. 12 However, the pathogenetic role of HO in lung injury was not addressed. We therefore chose to start inhibition of HO 7 days after the intratracheal instillation of bleomycin. Our data indicate that administration of the metalloporphyrin Zndtp, a potent inhibitor of HO activity, significantly attenuates bleomycin induced lung damage and pulmonary fibrosis, as assessed biochemically and histologically. These data are consistent with the hypothesis that HO has a role in the pathways that regulate lung repair.
Inhibition of bleomycin induced lung injury and fibrosis by Zndtp
Lung injury
The pathophysiology of bleomycin induced lung injury typically consists of two overlapping stages: an early inflammatory phase characterised by leucocyte infiltration and injury to alveolar epithelial cells, and a subsequent fibroproliferative phase with matrix remodelling and fibrosis. Recent evidence suggests that aberrant epithelial-mesenchymal cell interactions might play a central role in the pathogenesis of fibrotic lung disease. 21 Damage to the alveolar epithelium may be induced by reactive oxygen species, proteases, or inflammatory mediators, resulting in aberrant tissue repair that culminates in fibrosis.
Zndtp appears to minimise alveolar cytotoxicity, as evidenced by decreased lipid peroxidation products and reduced levels of extracellular LDH. Despite these biochemical changes, Zndtp did not affect leucocyte accumulation in the alveolar space. This observation suggests that Zndtp can have effects independent of inhibition of inflammation and that inflammatory mechanisms may not play a dominant role in the pathological events preceding fibrotic development. Such a notion has been the subject of recent debate, particularly in relation to the pathogenesis of human pulmonary fibrosis. 22 
Lung fibrosis
These studies provide the first evidence that the HO inhibitor Zndtp can significantly reduce lung collagen accumulation induced by the fibrogenic agent bleomycin. This protective effect was achieved without affecting basal collagen levels and was accompanied by a parallel decrease in the extracellular matrix score assessed by semiquantitative image analysis of stained histological sections. Although small areas of interstitial thickening and mild fibrosis were present in lungs from Zndtp treated mice exposed to bleomycin, these abnormalities were minor compared with changes in the lungs of mice receiving bleomycin alone. In the latter, large portions of the lung parenchyma were almost completely obliterated by dense fibrotic tissue similar to lesions seen in patients with idiopathic pulmonary fibrosis.
Potential mechanisms of protection by Zndtp
A number of metalloporphyrins can both inhibit HO-1 activity and regulate HO-1 gene expression at the transcription level. 23 Zndtp is regarded as the most potent inhibitor of HO activity. 24 Evidence of HO inhibition in the current study was demonstrated by the finding of reduced bilirubin in the alveolar space of Zndtp treated mice receiving bleomycin. Interestingly, Zndtp had no effect on bilirubin levels in saline treated animals. One possible explanation may be that Zndtp selectively targets inducible HO-1, levels of which rise as a result of lung injury. There are at least two possible explanations as to why Zndtp might protect against the detrimental effects of bleomycin on the lung. Firstly, inhibition of HO suppresses the generation of potentially cytotoxic heme derived end products. One of these (ferrous iron) is an essential co-factor in bleomycin induced DNA cleavage and can also promote the pro-oxidant effects of HO-1. 15 Secondly, the antioxidant properties that are intrinsic to the metalloporphyrin itself may act to restore alveolar antioxidant integrity, thus promoting epithelial cell repair and limiting ongoing injury to this critical barrier. These two potential mechanisms are discussed further below.
Reduced generation of heme derived products
Levels of tissue HO increase in response to oxidative injury. This increase is thought to protect against hyperoxic cellular injury in vitro 12 and in vivo. 25 In addition, HO mediated degradation of heme prevents the native substrate from exerting its own cytotoxic effects. 7 It is becoming increasingly apparent that the role of HO-1 in tissue injury is complex and is determined by its local concentration and temporal prominence. 8 15 The products of heme catabolism may be harmful, as suggested by studies in which targeted overexpression of HO-1 in alveolar type II cells has been shown to increase the severity of hyperoxic lung injury. 26 Transpulmonary delivery and overexpression of the HO-1 gene in vivo has also been associated with increased tissue oxidative burden and lung injury. 14 Tsuburai and colleagues have reported that adenovirus mediated transfection of HO-1 can attenuate the intensity of bleomycin induced pulmonary fibrosis. 27 However, their study differs from ours in that unequivocal HO-1 protein expression was induced before bleomycin treatment, with levels peaking approximately 1 week after the instillation of bleomycin. It is interesting to speculate that such early induction of HO-1 might selectively counteract the acute injurious effects of bleomycin, thereby impeding the development of subsequent fibroproliferation. It is likely that differences in the tissue concentration and temporal prominence of HO-1 are important to the different pathological outcome in our study and that of Tsuburai et al. 27 In our study Zndtp was given only after the initial inflammatory phase. This may account for the reduced fibrosis in both overexpression studies and our inhibitory study, suggesting that HO is cytoprotective in the early inflammatory phase and profibrotic in the later fibroproliferative phase of bleomycin induced lung toxicity. Furthermore, early expression of HO-1 in the study by Tsuburai and colleagues did not protect against pulmonary fibrosis induced by Fas-Fas ligand crosslinking, arguing for the existence of different molecular pathways governing tissue fibrosis. 27 
Direct antioxidant effects
Bleomycin concomitantly binds metal ions and DNA, generating oxygen derived radicals that can directly cleave macromolecules, including DNA. Ferrous iron, generated by HO-1 mediated catabolism of heme, is a central co-factor in bleomycin induced DNA damage. Bleomycin also promotes the depletion of endogenous antioxidant defences, exacerbating oxidant mediated tissue injury. Consequently, strategies aimed at reducing oxidative stress have been successful in decreasing bleomycin induced lung injury and fibrosis induced by this agent. 28 In our study the ability of Zndtp to ameliorate lipid peroxidation and prevent depletion of lung glutathione stores suggests that its antifibrotic activity in the bleomycin model is mediated in part by its antioxidant properties.
It is now recognised that the effects of HO-1, both protective and deleterious, are likely to be cell specific. Alveolar type II cells have more robust antioxidant defences, partly by having increased glutathione reserves. Paradoxically, the higher concentrations of HO-1 in these cells may predispose them to HO-1 mediated injury. A number of in vivo studies have reported findings consistent with this line of thinking. 14 26 Our findings of reduced cellular injury and enhanced antioxidant protection further suggest that the primary recipient of Zndtp mediated cytoprotection may be the alveolar type II cell. Metalloporphyrins have themselves been shown to ameliorate alveolar type II damage in bleomycin induced lung injury. 29 Finally, our contention that the cytoprotection afforded by HO-1 inhibition most probably results from a combination of diminished generation of toxic heme metabolites and increased tissue antioxidant capacity is consistent with findings in HO-1 deficient mice 16 and transfected cells lacking HO-1 activity. 30 TGF-b as a common final mediator in bleomycin induced pulmonary fibrosis TGF-b is the most potent fibrogenic mediator characterised to date, with a propensity for enhancing collagen gene expression and protein deposition. 31 Animal studies have also shown that inhibition of TGF-b activity 32 or its signalling 33 can abrogate bleomycin induced pulmonary fibrosis. Furthermore, overexpression of endogenous TGF-b is a strong stimulus for the induction of pulmonary fibrosis. 34 Our data show that Zndtp attenuates bleomycin induced increases in active TGF-b levels. The pathogenetic link between TGF-b and oxidative injury in pulmonary fibrosis is poorly understood. Nonetheless, increased alveolar epithelial sensitivity to oxidative stress, manifested in part by decreased antioxidant protection, is believed to be important. 3 More recently, the finding that TGF-b mediated depletion of alveolar glutathione stores may promote acute lung injury has provided a possible link between TGF-b and impaired antioxidant mechanisms in the lung. 35 In reality, Zndtp most probably imparts its protective effects on tissue repair via different mechanisms, including the regulation of injurious mediator production and modulation of alveolar responses to oxidant stimuli.
In conclusion, this study shows that parenteral delivery of the HO metalloporphyrin inhibitor Zndtp limits the development of bleomycin induced pulmonary fibrosis. Its administration is associated with reduced lung cell damage, pulmonary pathology, collagen accumulation, and TGF-b activity. Our data suggest that altering pulmonary oxidant/ antioxidant imbalances by targeting HO-1 may be worthy of further investigation as we explore new approaches to the treatment of fibrotic lung disorders.
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